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DØ Precision Measurements of EW Bosons  
from Birth to Death 



History of the Society 
 

Candidates for Induction 
𝝓∗:  Birth of a Boson 

Measurement of the 𝜙∗  distribution of muon pairs with masses between 
30 and 500 GeV in 10.4 fb−1  of 𝑝𝑝̅ collisions 

𝑨: Vectors from birth to death 
Measurement of the electron charge asymmetry in                                                  
𝑝𝑝̅ → 𝑊 + 𝑋 → 𝑒𝜈 + 𝑋  decays in 𝑝𝑝̅ collisions at 𝑠 = 1.96 TeV 

𝜽𝑾: EW Mortality Statistics 
Measurement of the effective weak mixing angle in 𝑝𝑝̅ → 𝑍/𝛾∗ → 𝑒ା𝑒ି   
events 
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Need to understand proton structure better 
Kinematics coverage: For LHC, data fixed Q2 
spans wider x than the Tevatron 
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Momentum transfer 
scale 

𝑄ଶ ≈ 𝑀௏
ଶ 

Parton momentum 
fraction 

𝑥 = ெ
௦
𝑒±௬ 

0.002 < 𝑥 < 1 
Complementary to 
central and forward 
jet measurements at 
Tevatron, and other 
scattering expts. 

Different 
systematics, 
couplings 
Higher precision! 

 

DØ Precision 
EW 
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Tevatron: dominated 
by valence quark 
production 

LHC: dominated by 
sea quark and 
gluon production 

Tevatron measurements place stringent constraints on valence PDFs 



 

Fermilab Wine & Cheese 
November 14, 2014 

B. Quinn                          
University of Mississippi 

5 



 GFitter collaboration 
arXiv:1407.3792 
 
 
 
 
 

 
 

𝑴𝑾 direct measurement: 
𝟖𝟎. 𝟑𝟖𝟓 ± 𝟎. 𝟎𝟏𝟓   GeV 
𝑴𝑾 indirect determination: 
𝟖𝟎. 𝟑𝟓𝟖 ± 𝟎. 𝟎𝟎𝟖   GeV 
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Great thanks to 
Accelerator Division 
for all the 
luminosity!! 
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𝝓∗:  Birth of a Boson 
 

𝑨: Vectors from birth to death 
 

𝜽𝑾: EW Mortality Statistics 
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PLB 693, 522 (2010) 
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Z 



Eur. Phys. J.                                
C71 1600(2011) 
 
 
 

 
𝝓∗ = 𝐭𝐚𝐧 𝝓𝒂𝒄𝒐𝒑/𝟐 𝐬𝐢𝐧𝜽∗ 

𝜙௔௖௢௣ = 𝜋 − Δ𝜙௟௟ 

cos 𝜃∗ = tanh 𝜂ି − 𝜂ା /2  [Collins-Soper angle] 

𝝓∗ probes same physics as 𝒑𝑻𝒍𝒍, 𝝓∗~𝒂𝑻/𝑴𝒍𝒍 
𝝓∗ less sensitive to detector resolution and efficiency 

Uses angles only (mrad precision with < 1% resolution vs. few % 
resolution on p, E) 
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First measured by D0 with 7.3 fb-1 
PRL 106, 122001 (2011) 
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First measured by D0 with 7.3 fb-1 
PRL 106, 122001 (2011) 
 
 
 
 
 
 
 
 
 
 
 

Data used to improve ResBos and make predictions for LHC 
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ATLAS 
Phys. Lett. B 720, 32(2013) 
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LHCb 
JHEP 1302, 106(2013) 
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Low Mass: 𝑴𝝁𝝁 ∈ 𝟑𝟎, 𝟔𝟎  GeV 
More sensitive to small-x effects 

Statistically more powerful than forward rapidity region (|y| > 2) in 
dielectron channel in the published peak region analysis 
𝑥ଵ,ଶ = 𝑀/ 𝑠𝑒±௬ 
 

High Mass: 𝑴𝝁𝝁 ∈ 𝟏𝟔𝟎, 𝟑𝟎𝟎 ∪ 𝟑𝟎𝟎, 𝟓𝟎𝟎  GeV 
Constrain initial state QCD radiation uncertainties for high 
mass final states 

e.g. top quark physics 
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Select events with two good quality muons (isolation, track 
segments, vertex) 

Tighter quality cuts for low mass region to control backgrounds 
 

Peak region  
𝑀ఓఓ ∈ 70,110   GeV: 
645k events with 99.84% signal 

Low mass region  
𝑀ఓఓ ∈ 30,60  GeV 
74k events with 89.5% signal 

High mass region 
𝑀ఓఓ ∈ 160,300   GeV: 1.7k events with 72.8% signal 
𝑀ఓఓ ∈ 300,500   GeV: 0.2k events with 56.6% signal 
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Comparison 
with the 
ResBos 
prediction  

M. Guzzi et al. 
arXiv: 
1309.1393 
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Comparison with a NLO+NNLL QCD prediction  
A. Banfi et al. JHEP01 (2012) 044 
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Ratio of 𝟏/𝝈 𝒅𝝈/𝒅𝝓∗  in rapidity bins 
The ratio 1/𝜎 𝑑𝜎/𝑑𝜙∗  in the central rapidity region to that in the forward 
rapidity region can reduce the uncertainty band from QCD scales to the 
percent level due to cancellations.  It suggests the possibility of a new 
variable that is less sensitive to theoretical uncertainty. 
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The transverse momentum has been determined with 
unprecedented precision in the peak region (645k events)  

In excellent agreement with ResBos 
 

First ever low-mass region results (74k events)  
Helps constrain small-x effects 
Discrepancy with ResBos at high 𝜙∗ 

 

First ever high-mass region results (2k events)  
For constraining QCD ISR in high mass final states 
No detailed comparison can be made due to limited statistics. 

 
A NLO+NNLL QCD prediction is in agreement with data at all mass ranges 
within assigned theoretical uncertainty. 
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Nature vs. Nurture 
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Nature vs. Nurture 
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𝒑𝒑ഥ → 𝑾+𝑿 → 𝒆𝝂 + 𝑿 



W charge asymmetry is sensitive to Parton Distribution Functions 
(PDFs) 

Tevatron is 𝑝𝑝̅ collider, and 𝑢(𝑢ത) quark has higher momentum 
𝑊ା boosted in 𝑝 direction, 𝑊ି boosted in 𝑝̅  direction 

Provides a strong constraint on 𝒖 and 𝒅 PDFs 
The W asymmetry in the leading order parton model is 

𝑨 𝒚𝑾 =

𝒅𝝈ା
𝒅𝒚𝑾

− 𝒅𝝈ି
𝒅𝒚𝑾

𝒅𝝈ା
𝒅𝒚𝑾

+ 𝒅𝝈ି
𝒅𝒚𝑾

=
𝒖 𝒙𝒑 𝒅ഥ 𝒙𝒑ഥ − 𝒅 𝒙𝒑 𝒖ഥ 𝒙𝒑ഥ
𝒖 𝒙𝒑 𝒅ഥ 𝒙𝒑ഥ + 𝒅 𝒙𝒑 𝒖ഥ 𝒙𝒑ഥ
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The lepton asymmetry is a convolution of the W production asymmetry 
and the W V−A  decay 
Lepton asymmetry: More straightforward observable, easier to measure than W 
W asymmetry: 

Advantage over lepton: Due to convolution, leptons at a specific pseudorapidity 
(K) originate from a wide range of W rapidities, and therefore from a wide range 
of parton x values, making these asymmetries less useful in determining PDFs. 
Challenge: With unknown neutrino 𝑝௓, difficult to determine the W rapidity 
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Asymmetry vs. x : the lepton asymmetry comes from a larger 
range of parton x values compared with the W asymmetry 
The W asymmetry is more sensitive to the u/d ratio  
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e Pseudorapidity e Pseudorapidity 



Select 𝑾 → 𝒆𝝂 candidates from data 
Subtract backgrounds: QCD, 𝒁 → 𝒆𝒆,𝑾 → 𝝉𝝂, 𝒁 → 𝝉𝝉   
Unfold to remove detector effects 
Use neutrino-weighting method to obtain 𝑾 rapidity 
distributions 
Compare corrected asymmetries with theoretical predictions 
using different PDF sets 
Analysis performed in 5 kinematic bins: 

Symmetric: 𝐸்
௘ > 25  𝐺𝑒𝑉           35  𝐺𝑒𝑉 > 𝐸்௘ > 25  𝐺𝑒𝑉           𝐸்௘ > 35  𝐺𝑒𝑉

𝐸் > 25  𝐺𝑒𝑉           35  𝐺𝑒𝑉 > 𝐸்> 25  𝐺𝑒𝑉             𝐸் > 35  𝐺𝑒𝑉 

 

Asymmetric: 35  𝐺𝑒𝑉 > 𝐸்௘ > 25  𝐺𝑒𝑉           𝐸்௘ > 35  𝐺𝑒𝑉
                                          𝐸் > 25  𝐺𝑒𝑉           𝐸் > 25  𝐺𝑒𝑉 
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Event Selection (full data, 9.7 fb-1) 
Electron: 25 < pT < 100 GeV 
Missing transverse energy > 25 GeV 
W: 50 < MT < 130 GeV 
Track matching 

Backgrounds 
QCD: 4.0% 
𝒁 → 𝒆𝒆: 2.6% 
𝑾→ 𝝉𝝂: 2.2% 
𝒁 → 𝝉𝝉: 0.2% 
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PRELIMINARY PRELIMINARY 

PRELIMINARY 
PRELIMINARY 



1. Migration matrix: used to remove detector resolution effects 
Electron and positron are expected to have same detector response 
Study migration matrices for all events (𝑒ି +  𝑒ା): no input bias 

2. 𝑲𝒆𝒇𝒇
± : relative efficiency for positrons and electrons 
Use 𝑍 → 𝑒𝑒  events to study 𝐾௘௙௙

±  track bias from alignment + solenoid 
polarity 
Only study 𝐾௘௙௙

±  for track cuts, do not expect calorimetry cuts to have such 
effects 

3. Acc × Eff: to remove kinematic and geometric cut effects 
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Half of MC used for input, half for pseudo-data 

Fermilab Wine & Cheese 
November 14, 2014 

B. Quinn                          
University of Mississippi 

36 

Default asymmetry 

5% enhanced asymmetry 5% suppressed asymmetry 

We get out 
what we put in 
 
 
 
 
 
Unfolding 
corrections 
valid for range 
of asymmetry 

PRELIMINARY PRELIMINARY 

PRELIMINARY PRELIMINARY 



These results supersede previous D0 0.7 fb-1 measurement 
Old result lacked improved calibrations, 𝑡ℎ𝑒  𝐾௘௙௙

±  correction, and additional 
systematic uncertainties included in the current analysis 

Submission to PRD very soon 
   Fermilab Wine & Cheese 
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PRELIMINARY PRELIMINARY 



   

Fermilab Wine & Cheese 
November 14, 2014 

B. Quinn                          
University of Mississippi 

38 

PRELIMINARY PRELIMINARY 
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PRELIMINARY PRELIMINARY 
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PRELIMINARY PRELIMINARY 
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PRELIMINARY PRELIMINARY 



W rapidity: 
Massive particle rapidity: 𝑦 = ଵ

ଶ
𝑙𝑛 ாା௣ೋ

ாି௣ೋ
  

Fix 𝑀ௐ to 80.385 GeV, 𝑀ௐ
ଶ = 𝐸௟ + 𝐸ఔ ଶ − 𝑃௟ + 𝑃ఔ

ଶ
 

Obtain neutrino 𝒑𝒁𝝂  solutions, with given mass of 𝑾: 
If there are two complex solutions, which means 𝐸் is not measured 
properly, we scale the 𝐸்  to set the imaginary part to 0 
If two solutions, give each solution a weight factor, according to 𝑊  𝑝், 
Collins angle, and rapidity of 𝑊 boson: 
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A. Bodek, et. al. PRD 77, 111301(R) (2008) 



 
 
 
 
 
 
 
 
 

 

Erratum to PRL 112, 151803 (2014) arXiv:1312.2895 
Now employing corrected 𝐾௘௙௙

±  determination from e charge asymmetry 
< 2% difference from original publication 
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PRELIMINARY 



Measurement of W charge asymmetry in electron channel 
with DØ RunII full data-set and extended 𝜼  coverage to 3.2 

Most precise measurement of lepton charge asymmetry to date 
First and most precise direct measurement of W boson production 
asymmetry from DØ 

Of benefit to all hadronic physics analyses 
Improvement of PDF models in the 𝑥 − 𝑄ଶ region of interest for 𝑊 
production at the Tevatron is estimated to reduce the PDF uncertainty in 
the DØ 𝑀ௐ measurement by approximately 30% (2-3 MeV) 
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UK, 2013 
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UK, 2013 
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𝒁 → 𝒆ା𝒆ି 
PRL 101 , 191801 (2008 )  
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Drell-Yan lepton pairs are produced at the Tevatron through 
 
 
 
The weak mixing angle can be measured from the forward-
backward asymmetry of the polar angle distribution of these 
Drell-Yan pairs 

         Born level 
          couplings 
 
𝑰𝟑, 𝒔𝒊𝒏𝟐𝜽𝑾 couplings altered by weak radiative corrections 

Multiplicative factor of a few % 
Gives effective 𝒔𝒊𝒏𝟐𝜽𝑾 coupling →  𝒔𝒊𝒏𝟐𝜽𝒆𝒇𝒇

𝒍  

𝒑𝒑ഥ → 𝒁/𝜸∗ → 𝒍ା𝒍ି  

𝒒𝒒ഥ → 𝜸∗ → 𝒍ା𝒍ି 
 𝒈𝑽

𝒇 = 𝑸𝒇 
𝒈𝑨
𝒇 = 𝟎 

𝒒𝒒ഥ → 𝒁 → 𝒍ା𝒍ି 
 𝒈𝑽

𝒇 = 𝑰𝟑 − 𝟐𝑸𝒇𝒔𝒊𝒏𝟐𝜽𝑾 
𝒈𝑨
𝒇 = 𝑰𝟑 

𝒇ത 𝒈𝑽 + 𝒈𝑨𝜸𝟓 𝜸𝝁 𝒇  
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𝒅𝑵/𝒅𝛀 ∝ 𝟏 + 𝒄𝒐𝒔𝟐𝜽∗ + 𝑨𝟒𝒄𝒐𝒔𝜽∗   
All coefficients† but 𝑨𝟒 vanish as 𝑷𝑻 → 𝟎     

𝑨𝟒𝒄𝒐𝒔𝜽∗: parity violating, from                                 
interference of vector and axial vector currents 

Sensitive to 𝑠𝑖𝑛ଶ𝜃ௐ through Z self-interference:      
1 − 4 𝑄௟ 𝑠𝑖𝑛ଶ𝜃ௐ 1 − 4 𝑄௤ 𝑠𝑖𝑛ଶ𝜃ௐ  

Measure l-l+ angular distribution in 
the Collins-Soper rest frame of the 
boson. Polar angle, 𝜽∗, of the 𝒍ି is 
defined relative to the direction of the 
incoming quark 

Forward: 𝑐𝑜𝑠𝜃∗ > 0, Backward: 𝑐𝑜𝑠𝜃∗ < 0 

 
 
 

𝒅𝑵 𝒅𝛀 =⁄ 𝟏 + 𝒄𝒐𝒔𝟐𝜽∗ + 𝑨𝟎 𝟏 − 𝟑𝒄𝒐𝒔𝟐𝜽∗ 𝟐⁄ + 𝑨𝟏𝒔𝒊𝒏𝟐𝜽∗𝒄𝒐𝒔𝝓 + 𝑨𝟐 𝒔𝒊𝒏𝟐𝜽∗𝒄𝒐𝒔𝟐𝝓 𝟐⁄ + 
𝑨𝟑𝒔𝒊𝒏𝜽∗𝒄𝒐𝒔𝝓 + 𝑨𝟒𝒄𝒐𝒔𝜽∗ + 𝑨𝟓𝒔𝒊𝒏𝟐𝜽∗𝒔𝒊𝒏𝟐𝝓+ 𝑨𝟔𝒔𝒊𝒏𝟐𝜽∗𝒔𝒊𝒏𝝓 + 𝑨𝟕𝒔𝒊𝒏𝜽∗𝒔𝒊𝒏𝝓 

†@ NLO QCD: 
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Measure 𝑨𝑭𝑩 in bins of lepton pair invariant mass 
Produce Monte Carlo 𝑨𝑭𝑩 𝑴, 𝒔𝒊𝒏𝟐𝜽𝑾  templates 
Perform full corrections to data and simulation 

Background subtractions 

Extract 𝒔𝒊𝒏𝟐𝜽𝑾 by a 𝝌𝟐 comparison between data and MC 

Standard Model 
@ LO 
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Full D0 RunII dataset: 9.7 fb-1 
Two high-𝑷𝑻 electrons: 𝑷𝑻 > 𝟐𝟓 GeV 

Central and endcap calorimeters (CC,EC) 
Tight track requirements 
Mass distribution: 𝑴 > 𝟓𝟎 GeV 

𝒔𝒊𝒏𝟐𝜽𝒆𝒇𝒇
𝒍  from 75 < 𝑀 < 115 GeV 

85% increase in statistics 
Extend to 𝜼 < 𝟏. 𝟏, 𝟏. 𝟓 < 𝜼 < 𝟑. 𝟐 
Include EC-EC events 
Include electrons near calorimeter                                            
module (phi-mod) boundaries  
Track reconstruction improvements 

560,267 events  
Low QCD backgrounds (EW negl.) 

CC-CC: 0.4%; CC-EC,EC-EC: < 4%  
MC: PYTHIA, CTEQ6L1 

Ev
en

ts
/(G

eV
/c

2 ) 

Invariant Mass (GeV/c2) 

D0 𝒆ା𝒆ି 
MC: PYTHIA 
 

CC-CC: both electrons in the central 
calorimeter 
CC-EC: one electron in the central 
calorimeter, the other in an endcap 
EC-EC: both electrons in the endcap 
calorimeters 
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Global energy scale modeling in previous analysis 
Shape dependence inadequate for different detector responses of extended 
acceptance regions 

New method corrects energy as a function of 𝑳𝒊𝒏𝒔𝒕 first, then 𝜼𝒅𝒆𝒕 
Z mass peak scaled to LEP value (91.1875 GeV) in each bin  
Separate calibrations for data and MC 

After calibration, mass peak 𝑳𝒊𝒏𝒔𝒕 dependence negligible, 𝜼𝒅𝒆𝒕 
dependence reduced from 2 GeV to 100 MeV (data), 10 MeV (MC) 

D0 8.6 fb-1 D0 8.6 fb-1 

Detector 𝜼 Detector 𝜼 

Z 
pe

ak
 (G

eV
/c

2 ) 

Z 
pe

ak
 (G

eV
/c

2 ) data data 
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Raw 𝑨𝑭𝑩 measurement is compared to reweighted MC 𝑨𝑭𝑩 
templates corresponding to different 𝒔𝒊𝒏𝟐𝜽𝑾 values 

Different 𝑠𝑖𝑛ଶ𝜃ௐ predictions obtained by reweighting generator level 2D 
(𝑀௓/ఊ∗, 𝑐𝑜𝑠𝜃∗)  distribution of default MC (𝑠𝑖𝑛ଶ𝜃ௐ = 0.232) 
Done separately for CC-CC, CC-EC, EC-EC events, and for RunIIa (1.1 
fb-1 low  𝐿௜௡௦௧) and RunIIb (8.6 fb-1 high 𝐿௜௡௦௧) running periods 
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Raw 𝑨𝑭𝑩 measurement is compared to reweighted MC 𝑨𝑭𝑩 
templates corresponding to different 𝒔𝒊𝒏𝟐𝜽𝑾 values 

Different 𝑠𝑖𝑛ଶ𝜃ௐ predictions obtained by reweighting generator level 2D 
(𝑀௓/ఊ∗, 𝑐𝑜𝑠𝜃∗)  distribution of default MC (𝑠𝑖𝑛ଶ𝜃ௐ = 0.232) 
Done separately for CC-CC, CC-EC, EC-EC events, and for RunIIa (1.1 
fb-1 low  𝐿௜௡௦௧) and RunIIb (8.6 fb-1 high 𝐿௜௡௦௧) running periods 

 

D0 9.7 fb-1 

𝑨 𝑭
𝑩

 

Invariant Mass (GeV/c2) 
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Raw 𝑨𝑭𝑩 measurement is compared to reweighted MC 𝑨𝑭𝑩 
templates corresponding to different 𝒔𝒊𝒏𝟐𝜽𝑾 values 

Different 𝑠𝑖𝑛ଶ𝜃ௐ predictions obtained by reweighting generator level 2D 
(𝑀௓/ఊ∗, 𝑐𝑜𝑠𝜃∗)  distribution of default MC (𝑠𝑖𝑛ଶ𝜃ௐ = 0.232) 
Done separately for CC-CC, CC-EC, EC-EC events, and for RunIIa (1.1 
fb-1 low  𝐿௜௡௦௧) and RunIIb (8.6 fb-1 high 𝐿௜௡௦௧) running periods 

 

𝒔𝒊𝒏𝟐𝜽𝑾 

𝝌𝟐
 

CC-EC events 
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𝒔𝒊𝒏𝟐𝜽𝑾 = 𝟎. 𝟐𝟑𝟏𝟑𝟖 ± 𝟎. 𝟎𝟎𝟎𝟒𝟑 ± 𝟎. 𝟎𝟎𝟎𝟎𝟖 ± 𝟎. 𝟎𝟎𝟎𝟏𝟕 

                                               (stat)            (syst)          (PDF) 

𝒔𝒊𝒏𝟐𝜽𝒆𝒇𝒇
𝒍 = 𝟎. 𝟐𝟑𝟏𝟒𝟔 ± 𝟎. 𝟎𝟎𝟎𝟒𝟕 

In SM context, with on-shell renormalization scheme, modified ResBos NLO correction  
            (thanks to Willis  
           Sakumoto for help) 

World’s  Best  From  Hadron  Collider  &  from  Light  Quark  Interactions 

PDF unc.                             0.00017 
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D0 9.7 fb-1 :             
𝒔𝒊𝒏𝟐𝜽𝒆𝒇𝒇

𝒍 = 𝟎. 𝟐𝟑𝟏𝟒𝟔 ± 𝟎. 𝟎𝟎𝟎𝟒𝟕  
Submitted to PRL 8/21/14, 
arXiv:1408.5016 

World’s  best  from  hadron  
collider 
PRD with full AFB and 
coupling details in 
preparation 

Including indirect 𝑀ௐ 
determination 



Scholarship 
𝝓∗: 10/30/14 Submitted to Phys. Rev. D arXiv:1410.8052  

𝑨: 04/18/14 Phys. Rev. Lett 112, 151803 (2014)  arXiv:1312.2895  
    Submission of electron charge asymmetry to PRD imminent 

𝜽𝑾: 08/22/14 Submitted to Phys. Rev. Lett. arXiv:1408.5016  
Leadership 

𝝓∗: New high-precision observable, first ever transverse momentum results 
in off-peak regions  

𝑨: Highest precision W asymmetry results, and extended to higher 𝜂 

𝜽𝑾: World’s  best  result  from  hadron  collider  and  light  quark  interactions 
Service 

Data can be used to improve PDF sets, benefiting the entire field, e.g. 
potential for significant improvement of 𝑀ௐ uncertainties 
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Class of 2015 
𝒁 Boson Rapidity 

𝒁  Boson  𝑨𝑭𝑩, electron channel PRD 
𝒁  Boson  𝑨𝑭𝑩, muon channel 
𝒁 Boson Angular Coefficients 
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